Production of reactive oxygen species (ROS) in the phagosome by the NADPH oxidase is critical for mammalian immune defense against microbial infections and phosphoinositides are important regulators in this process. Phosphoinositol 3-phosphate (PI(3)P) regulates ROS production at the phagosome via p40 phox by an unknown mechanism. This study tested the hypothesis that PI(3)P controls ROS production by regulating the presence of p40 phox and p67 phox at the phagosomal membrane. Pharmacologic inhibition of PI(3)P synthesis at the phagosome decreased the ROS production both in differentiated PLB-985 cells and human neutrophils. It also releases p67 phox , the key cytosolic subunit of the oxidase, and p40 phox from the phagosome. The knockdown of the PI(3)P phosphatase MTM1 or Rubicon or both increases the level of PI(3)P at the phagosome. That increase enhances ROS production inside the phagosome and triggers an extended accumulation of p67 phox at the phagosome.
Introduction
Neutrophils are the first line of defense against infectious pathogens. Elimination of the invading bacteria by the neutrophils depends on 3 primary mechanisms: 1) receptor-mediated uptake of the bacterium into a phagosome, 2) production of ROS by the NADPH oxidase, and 3) fusion of neutrophil granules [1] . Chronic granulomatous disease is a genetic disorder in which phagocytic cells are unable to kill certain pathogens because of defects in NADPH oxidase [2] , leading to severe infections. The NADPH oxidase comprises 2 integral membrane subunits-gp91 phox and p22 phox -and 3 cytosolic regulatory subunits-p40 phox , p47 phox , and p67 phox [3] . The activation of the NADPH oxidase also requires the small GTPase Rac [4] . A key step for the activation of the NADPH oxidase is the phosphorylation of p47 phox . Then p47 phox binds to p22 phox and brings together p40 phox and p67 phox to initiate the active complex [5] . The activation domain of p67 phox regulates electron transfer from NADPH to FAD(flavin adenine dinucleotide) [6] . P67 phox and p40 phox interact via their PB1 (Phox and Bem1)
domains [3] . P40 phox bears a PX domain that specifically binds to PI(3)P [7] [8] [9] . The PX domain of p40 phox is required to maintain the protein at the phagosome, and a mutation in that domain that prevents PI(3)P binding, decreases phagosomal ROS production [10] [11] [12] [13] . Previous studies have revealed that PI(3)P may have an important role in regulating the NADPH oxidase activity through its binding to p40 phox , but how p40 phox regulates NADPH oxidase activity through PI3P is still not understood.
The synthesis of PI(3)P occurs on the early phagosomal membrane and involves class III PI3K: hVps34. The knockdown of VPS34 or PI3KC3 reduced PI(3)P phagosomal accumulation and decreased ROS production in RAW 264.7 macrophages [14, 15] . Which other proteins regulate PI(3)P in the mammalian phagosome is still not clear. In Caenorhabditis elegans phagosomes, the level of PI(3)P is regulated by class III PI3K, Vps34, class II PI3K, phosphoinositide 3-kinase I, and the myotubularin phosphatase MTM1 [16] . Myotubularins have emerged as key regulators of PI(3)P. There are 14 myotubularin members in humans (MTM1, MTMR1-MTMR13) characterized by a PH-glucosyltransferase Rablike GTPase activators and myotubularins and the protein tyrosine phosphatase domain. Loss of MTM1 phosphatase activity leads to X-linked myotubular myopathy. MTM1 is a key regulator of the SR PI(3)P in muscle, regulating the SR membrane shape [17] . MTM1 also regulates PI(3)P in the early endosome, and the knockdown of MTM1 blocks the trafficking of epidermal growth factor receptor [18] . Moreover, MTM1 interacts and negatively regulates hVps34-hVps15, which are, respectively, the catalytic and the regulatory subunit of the class III PI3K [18, 19] .
Another protein that could participate in the regulation of PI(3)P at the phagosomal level is Rubicon. Indeed, Rubicon was reported to inhibit hVps34 [20, 21] . It localizes to the late endosome/lysosome and negatively regulates endosome and autophagosome maturation [22, 23] . Rubicon is also recruited to LC3 (microtubule associated light chain 3)-positive phagosomes upon phagocytosis of unopsonized zymosan [24, 25] .
Here, we report that PI(3)P regulates phagosomal ROS production by controlling the accumulation of p40 phox and p67 phox at the phagosome. Furthermore, our data indicate that Rubicon and MTM1 localize to the phagosome of serum opsonized zymosan and down-regulate the PI(3)P level at the phagosome. Using fluorescently tagged subunits of p40 phox and p67 phox and a PI(3)P probe, we also observed that the time of p40 phox and p67 phox disappearance at the phagosome was the same and correlated with PI(3)P decrease from the phagosomal membrane. Our results suggest that PI(3)P maintains p40 phox at the phagosome, which, in turn, keeps p67 phox in the NADPH oxidase complex and sustains ROS production.
MATERIALS AND METHODS

Cell culture
The human myeloid leukemia cell line PLB-985 was a generous gift from Dr. Marie-José Stasia. The stable PLB cell line expressing the citrine-tagged p67 phox subunit has been described previously [26, 27] . For all experiments, PLB-985 cells were differentiated into neutrophil-like cells by adding 1.25% DMSO in exponentially growing conditions for 5 or 6 d; 2000 U/ml IFN-g (Immuno Tools, Friesoythe, Germany) was added to the culture 24 h before the experiments. For all experiments, differentiated cells were centrifuged 3 min at 2000 rpm and resuspended in HEPES buffer containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES (pH 7.4), 1.8 mg/ml glucose, and 1% heat-inactivated FBS.
Neutrophil preparation
Neutrophils were withdrawn from healthy donor whole blood by means of dextran sedimentation and Ficoll centrifugation as previously described [28] .
Plasmids
The plasmids pmCherryC1 and p67 phox -citrine were constructed as previously described [26, 27] . PcitrineC1 was obtained from YFP-C1 by the same mutagenesis as previously described for pcitrineN1 [27] . The human p40 phox cDNA was amplified from p40CDM8 (a gift from Marie-Claire Dagher, Grenoble, France) by PCR using the following primers: GGTCACTCGAGCTGCTGTGGCCCAGCAGCTG (sense) and GGCTTCCGCGGTCAGCTCATGGCATC (antisense) and was then inserted in XholI and SacII restriction sites in plasmid pcitrineC1 to generate the plasmid citrine-p40 phox . To obtain a citrine-p40 phox resistant to siRNA, we introduced silent mutations in amino acids P220 and L221: the mutations t660a, c661t, and c663a were introduced using the Quickchange II Site Directed Mutagenesis kit (Stratagene [now Agilent], La Jolla, CA, USA). EGFP-p67 phox , obtained from citrine-p67 phox [27] , was cut by Nhel and Agel and p67 phox cDNA was inserted at the same restriction sites in pmCherryC1 as described previously [26] to generate mCherry-p67 phox . LDR (plasmid 20147; Addgene, Cambridge, MA, USA) and YFP-FKBP (plasmid 20175; Addgene) were provided by Tobias Meyer (Tobias Meyer Lab Plasmids; Addgene) [29] . MCherry-FKBP-MTM1 (plasmid 51614; Addgene) was provided by Tamas Balla (Tamas Balla Lab Plasmids; Addgene) [30] . To obtain mCherry-FKBP, YFP cDNA was cut from YFP-FKBP plasmid and replaced with mCherry cDNA using AgeI and [20] . PH-Akt-GFP (plasmid 51465) was provided by Tamas Balla (Tamas Balla Lab Plasmids; Addgene) [32] . MCherry-Dectin-1 (plasmid 55025; Addgene) was provided by Michael Davidson (Michael Davidson Fluorescent Protein Collection; Addgene). All of the constructs were confirmed by sequencing.
Transient and stable transfection
Differentiated PLB cells, PLB p67 phox -citrine and PLB-citrine stable cell lines were transiently transfected using the 4D-Nucleofector (Lonza, Basel, Switzerland) according to the manufacturer's protocol. For each condition, using the SF Cell Line Kit (Lonza) and the EH-100 program (Lonza), 2 3 10 6 to 4 3 10 6 cells were transfected with 1 mM siRNA or 3 mg vectors or both and were incubated in culture medium without antibiotics. LDR, mCherry-FKBP, mCherry-FKBP-MTM1, EGFP-Rubicon, and mCherry-Dectin-1 plasmids were transfected 4 h before the experiment. The p40 phox -citrine and mCherryp67 phox siRNA were transfected 4 h or 2 d before the experiments.
A PLB-p40 phox -citrine stable cell line was generated by electroporation using a Gene Pulser II (Bio-Rad Laboratories, Hercules, CA, USA) apparatus, as previously described [27] . The cell line was cultured constantly in the presence of 0.5 mg/ml of G418 to maintain the selection.
RNA interference
All the siRNAs were purchased from Eurogenetec (Liège, Belgium). For each gene knockdown, 3 siRNAs were tested. The sequence of the selected siRNAs were as follow: siRNA control (SR-CL000-005), p40 phox siRNA (forward 
Immunoblotting analysis
Differentiated PLB cells were incubated on ice with lysis buffer (4 3 10 4 cells/ml) containing HEPES-Na 25 mM, NaCl 150 mM, MgCl 2 5 mM, EGTA 0.5 mM, Triton X100 0.5%, NaF 10 mM and supplemented with a protease inhibitor cocktail complete mini EDTA-free (F. Hoffmann-La Roche, Basel, Switzerland). Then lysates were centrifuged at 14,000 g at 4°C for 30 min. Protein 
Preparation and opsonization of yeasts and zymosan
Yeasts (Saccharomyces cerevisiae) and zymosan particles (zymosan and Texasred-zymosan) from S. cerevisiae (Sigma-Aldrich, St. Louis, MO, USA) were prepared as described [33] . For flow cytometry experiments, yeasts covalently labeled with DCFH 2 and Alexa-405 were used [34] , allowing the measurement of the intraphagosomal ROS production and the percentage of phagocyting cells to be determined. For video microscopy experiments, zymosan was covalently labeled with DCFH 2 , as previously described for yeasts [33] . Yeasts were opsonized with polyclonal rabbit anti-yeast serum (50 times diluted, 1 h, 37°C) and zymosan was opsonized with total human serum (50% diluted, 1 h, 37°C). For the experiment with hVps34 and Wortmannin inhibitors, yeasts were opsonized with total human serum (50% diluted, 1 h, 37°C). Opsonized yeasts or zymosan were washed twice with PBS and resuspended in HEPES buffer.
Immunofluorescence
The immunofluorescence experiments were performed as described before [27] . The cells were immunostained with mouse anti-MTM1 antibody (1:100; Upstate Biotechnology, now Thermo Fisher Scientific) followed by Alexa 488 goat anti-mouse (1:500; Thermo Fisher Scientific). Cells were imaged at room temperature on the PIMPA platform (TCS SP8 CSU; Leica Biosystems, Wetzlar, Germany) mounted on a Leica DM6000 inverted microscope equipped with a 340-plan Apo 1.1 waterimmersion objective and a HyD detector driven by the LAS AF software (Leica). Texas Red Zymosan was excited at 552 nm; MTM1 was excited at 488 nm.
Flow cytometry
Flow cytometry experiments were performed with a CyFlow ML flow cytometer (Sysmex Partec, Norderstedt, Germany) to measure the intraphagosomal ROS production and the percentage of phagocyting cells; 5 3 10 4 differentiated PLB-985 cells or human neutrophils were used for each experiment and resuspended in HEPES buffer, and 5 3 10 4 DCFH 2 -Alexa-405 yeasts were added to the cells, then, centrifuged at 2000 rpm for 3 min at 13°C, followed by an incubation at 37°C for 30 min. The cells were analyzed by flow cytometry: DCFH 2 was excited with a 488-nm laser, and Alexa-405 was excited with a 405-nm laser.
Live cell microscopy and analysis of intraphagosomal ROS production
Live cell microscopy experiments were performed as described before [33] .
To follow the fluorescence of DCFH 2 -zymosan, mCherry-FKBP, or mCherry-FKBPMTM1, a Nikon (Minato, Tokyo, Japan) Eclipse TE200 microscope equipped with a cooled CCD camera (Sensicam-QE; PCO, Kelheim, Germany) was used [33] . 
Spinning-disk confocal microscopy
To follow fluorescent-tagged proteins during the phagocytosis of opsonized zymosan, we used a Spinning-Disk Confocal System (Yokogawa CSU-X1-A1, Yokogawa Electric, Yokogawa, Japan), mounted on a Nikon Eclipse Ti E inverted microscope, equipped with a 3100 plan Apo 1.4 oil immersion objective and an EM-CCD eVolve camera (Photometrics, Tucson, AZ, USA), driven by MetaMorph 7 software (Molecular Devices, Sunnyvale, CA, USA). Cells were resuspended in HEPES buffer and allowed to adhere to coverslips. All experiments were performed at 37°C. After adding zymosan, images were recorded with a time-lapse from 20 s to 2 min, depending on the experiment. YFP, GFP, and citrine were excited at 491 nm by using a 0.3-s laser illumination. MCherry was excited at 561 nm with a laser illumination of 0.2 s.
The fluorescence was detected with a double-band beam splitter; a 525/45-nm emission filter for YFP, GFP, and citrine; and a 607/36-nm emission filter for mCherry. Series of 11-18 confocal z planes (1 mm distance) were collected, and the central plane of each phagosome was chosen to construct the video sequence.
Image processing and analysis
The image J software was used to analyze all images and to quantify the fluorescence. The ratio of fluorescence intensity of the fluorescent protein at the phagosome to that in the cytoplasm was calculated as described previously [27] . When the ratio was higher than 1, we considered the fluorescent protein as accumulated at the phagosomal membrane. After quantification, when indicated, the images were denoised with ND-SAFIR (INRIA/INRA 2007 [35] ; Inria, Rocquencourt, France). The following parameters were used: pixel size, 3; quality, high; Poisson process. In several figures, the images are 1 plane from a deconvolved stack. The deconvolution was applied after quantification. Each stack of the videos was deconvolved employing Huygens Essential package (Scientific Volume Imaging, Hilversum, The Netherlands), with the following parameters: algorithm, CMLE; signal-to-noise ratio, 10; quality threshold, 0.01%; maximum iterations, 100; background calculation, in/near objects.
Data analysis
To compare the ratio values between 2 experiments, ratio-paired t test was analyzed with GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, USA). All the others values were analyzed by Student's t test.
RESULTS
The hVps34 inhibitor VPS34-IN1 decreases the ROS production in both differentiated PLB-985 cells and human neutrophils
Wortmannin decreases human neutrophil ROS response to serum-opsonized Escherichia coli and Staphylococcus aureus. This decrease was attributed to inhibition of class III PI3K hVpS34 [14] . There are 3 classes of PI3K: class I phosphorylates phosphoinositol 4-phosphate and phosphoinositol (4.5)-bisphosphate, and classes II and III were involved in phosphoinositol phosphorylation [36] . We wanted to examine the ROS production directly inside the phagosome of neutrophil-like PLB-985 cells and human neutrophils upon inhibition of hVps34.
To measure phagosomal ROS production, we used DCFH 2 -Alexa405 stained yeasts [34] and a recently described Vps34 inhibitor named VPS34-IN1 [37] . By using the PI(3,4)P 2 and PI(3,4,5)P 3 probe PH-Akt-GFP, we checked that VPS34-IN1 did not affect the accumulation of PI(3,4,5)P 3 and PI(3,4)P 2 on the nascent phagosome in PLB-985 cells. As indicated by the fluorescence ratio between the phagosome and the cytosol, the PH-Akt-GFP probe accumulated at the phagosomal cup and at the early phagosome in cells pretreated with or without VPS34-IN1 (Vps34 Inhibitor 1) (Fig. 1A and B) . The addition of VPS34-IN1 significantly decreased the accumulation of the PI(3)P probe mCherry-PXp40 phox but did not completely abolish its recruitment. A slight and transient accumulation of the PI3P probe can be observed between times 0 and 3 min after phagosome closure (see Figs. 1C and 3A ; first row for the control, Fig. 1D and Supplemental Video 1). This may be due to hVsp34 being the major, but maybe not the only, source of PI(3)P at the phagosome. The phagocytosis and ROS production was then assessed by evaluating Alexa405 and DCF fluorescence, respectively, after 0.5 h of DCFH 2 -Alexa405-labeled yeast phagocytosis. There was no significant difference in the percentage of phagocyting cells with or without preincubation with VPS34-IN1 for PLB-985 cells and neutrophils ( Fig. 2A) . However, preincubation with VPS34-IN1 decreased ROS production to (means 6 SEM) 66.3% 6 8.8 in differentiated PLB phagosomes and to 64.1 6 2.4% in neutrophils (Fig. 2B) . These data clearly show that hVps34 regulates the ROS production in the phagosome of differentiated PLB cells and human neutrophils.
Wortmannin triggers the release of p40 phox and p67 phox from the phagosome
The above data suggested that PI(3)P controls ROS production. It has been shown that the PX domain stabilizes p40 phox at the phagosome [11, 12] ; however, the role of p40 phox and how PI(3)P controls ROS production has not been deciphered. We investigated whether the PI(3)P level at the phagosome could affect the accumulation of p40 phox and p67 phox . Because we still observed a faint mCherry-PXp40 phox signal at the phagosome with the VPS34-IN1 inhibitor, we, instead, used wortmannin to decrease PI(3)P. Wortmannin is a pan-PI3K inhibitor, although the class II PI3K has a relatively low sensitivity to wortmannin [38, 39] . To specifically decrease PI(3)P accumulation after phagosome closure, we added wortmannin just after the appearance of PI(3)P at the phagosome, i.e., 1min 6 30 s after phagosome closure (Fig. 3B) . Indeed, the addition of wortmannin after phagosome closure released the PI(3)P probe-mCherryPXp40 phox -from the phagosome in a few minutes: the mean time of disappearance of mCherry-PXp40 phox after phagosome closure dropped from 15.4 6 2.2 min to 5 6 0.4 min (6 SEM) (Fig. 3) . The time of disappearance is the time at which the ratio of fluorescence intensity of the phagosome to that of the cytoplasm decreases to 1. As previously shown in RAW 264.7 macrophages [40] , the addition of wortmannin after phagosome closure terminates PI(3)P synthesis. We, therefore, examined whether ROS production was affected by the inhibition of PI(3)P synthesis. Using DCFH 2 -yeasts, we followed the DCF fluorescence by video microscopy during phagocytosis. The addition of wortmannin 1 min 6 0.5 after phagosome closure clearly reduced ROS production. The weak remaining ROS production could be due to the delayed inhibition of PI(3)P synthesis after addition of wortmannin (Fig. 2C) .
To examine how the phagosomal PI(3)P decrease affected p40 phox phagosomal accumulation, PLB-985 cells were transiently transfected with citrine-p40 phox and a siRNA targeting only the endogenous p40 phox (Fig. 4A) . Silent mutations were introduced in the cDNA-encoding citrine-p40 phox to preclude hybridization between p40 phox siRNA and citrine-p40 phox mRNA. The p40 phox siRNA decreased the endogenous p40 phox level to 40% and reduced ROS production (Fig. 4A, B , and E). Imaging by confocal microscopy showed that citrine-p40 phox disappeared from the phagosome (means 6 SEM) 16.4 6 2.7 min after phagosome closure (Fig. 3A and C) . The time until disappearance dropped to 4.6 6 0.6 min upon addition of wortmannin 1 min 6 0.5 after phagosome closure (Fig. 3B and C) . To observe whether the drop of PI(3)P also affected the time in with p67 phox -citrine was present at the phagosome, we studied the p67 phoxcitrine accumulation at the phagosome. We used stably transfected PLB-p67 phox -citrine cells and transfected them with a siRNA targeting the 39 untranslated region of the endogenous p67 phox mRNA. The siRNA reduced the endogenous level of p67 phox and not that of p67 phox -citrine ( Fig. 4C and D) . No difference in phagocytosis was observed in any condition (data not shown); however, phagosomal ROS production was decreased to 60% with p67 phox targeted-siRNA in PLB-WT cells. ROS production was unchanged in PLB-p67
phox -citrine cells transfected with control siRNA or p67 phox siRNA (Fig. 4E and  F) . Imaging by confocal microscopy showed that the time of p67 phox -citrine disappearance dropped from 14.8 6 0.8 min to 5.5 6 0.8 min upon addition of wortmannin after phagosome closure ( Fig. 3 and Supplemental Video 2). To ensure that wortmannin was not exerting an off-target effect, we followed the accumulation of mCherry-Dectin-1 at the phagosome. MCherry-Dectin-1 fluorescence did not decrease after addition of wortmannin: a similar phagosomal accumulation was detected 10 min after phagosomal closure in control or wortmannin treated phagosomes ( Fig. 3D and E) . Thus, wortmannin terminated rapidly PI(3)P synthesis in the early phagosome. It also stopped ROS production by triggering the release of p40 phox and p67 phox from the phagosome. Moreover, we observed that the time of disappearance was the same for the PI(3)P probe and for both subunits: p67 phox -citrine and citrinep40 phox . Using a stable PLB-985 cell line expressing citrinep40 phox (Fig. 5) transiently transfected with p67 phox -mCherry, we observed that the 2 subunits stayed at the phagosome for the same amount of time: they both disappeared around 13 min after phagosome closure ( Fig. 6 and Supplemental Video 3). Our data suggest that phagosomal p40 phox is a late adaptor for p67 phox , allowing it to stay at the phagosome.
MTM1 and Rubicon negatively regulate the PI(3)P level at the phagosome
To further examine whether PI(3)P could regulate the accumulation of p40 phox and p67 phox , as well as the ROS production during phagocytosis, we decided to modulate the PI(3)P level at the phagosome with genetic tools. To increase the PI(3)P level at the phagosome, we knocked down MTM1 and Rubicon. MTM1-GFP is recruited to Mycobacterium tuberculosis phagosomes in RAW 264.7 cells [41] . Using immunofluorescence, we also detected MTM1 at the phagosome of PLB-985 cells after 7 min of incubation with opsonized Texas-Red Zymosan (Fig. 7A and B) . To examine whether MTM1 participates in the regulation of PI(3)P at the phagosome, we knocked down MTM1 by using siRNA. According to the immunoblotting results, the MTM1 protein level decreased to 38 6 6.8% (means 6 SEM) with MTM1 targeted-siRNA as compared with control siRNA in PLB-WT cells (Fig. 8A and B) . Imaging the PI(3)P probe YFPp40 phox PX by confocal microscopy showed an increased and prolonged accumulation at the phagosome ( Fig. 9A and B) in PLB-WT cells knocked down for MTM1. The time of disappearance (means 6 SEM) of YFP-p40 phox PX from the phagosome was 13.5 6 1.0 min (Fig. 9A) with control siRNA and increased to 25.8 6 2.6 min with MTM1 targeted-siRNA ( Fig. 9A and C) . These data indicate that MTM1 down-regulates the phagosomal level of PI(3)P. Because Rubicon was reported to inhibit hVps34 [20] , we wondered whether it regulated PI(3)P phox at the phagosome. This time of disappearance is the time at which the ratio of fluorescence intensity at the phagosome to that of the cytoplasm decreased to 1. Data are means 6 SEM. mCherry-PXp40 phox , n = 10; mCherry-PX + wortmannin, n = 9; citrine-p40 phox , n = 11; citrine-p40 phox + wortmannin, n = 11; P67 phox -citrine, n = 10; p67 phox -citrine + wortmannin, n = 11. ***P , 0.001 (Student's t test). Scale bar = 5 mm. (D) Representative images of zymosan (*) phagocytosis by PLB-WT cells, transfected with mcherry-Dectin-1, at times 0, 1, and 10 min after phagosome closure. Wortmannin was added (ii) or not (i) at 1 min 6 0.5 after phagosome closure. (E) The graph shows the fluorescence ratio between the phagosomal and plasma membrane at the time of phagosomal closure and 10 min after. Data are means 6 SEM. Control, n = 14; wortmannin, n = 11. After quantification, the images shown in panels A, B, and D were processed with ND-SAFIR software.
on serum-opsonized phagosomes. Rubicon-EGFP was recruited to the phagosome of opsonized zymosan in PLB-985 cells (Fig. 7C ) around 1 min after phagosome closure and disappeared 12.4 6 0.9 min after phagosome closure (Fig. 7D) . We then knocked down Rubicon in PLB-985 cells. The Rubicon protein level was decreased to 49% 6 9.4 with Rubicon targeted-siRNA in PLB-WT cells (Fig. 8C and D) . As for MTM1 knocked-down cells, an increased and prolonged accumulation (26.5 6 2.5 min) of YFP-p40 phox PX was observed at the phagosome of PLB-WT cells deficient for Rubicon (Fig. 9) . Decreasing both MTM1 and Rubicon increased the time of disappearance (means 6 SEM) of YFP-p40 phox PX from the phagosome to 30.4 6 3.6 min ( Fig. 9A  and C and Supplemental Video 4), which was not significantly longer than in single-knockdown cells. These data indicate that -p67 phox -citrine cells, n = 3. *P , 0.05; **P , 0.01 (ratio-paired t test).
(ii) Quantification of the p67 phox -citrine protein level, n = 3. Data are means 6 SEM. (E and F) ROS production was assessed by flow cytometry by evaluating DCFH 2 -labeled yeast fluorescence in PLB-WT cells transfected with control siRNA, p40 phox siRNA, or p67 phox siRNA, n = 3 (E). *P , 0.05 (Student's t test) or in PLB-p67 phox -citrine cells transfected with control siRNA or p67 phox siRNA, n = 3 (F). Data are means 6 SEM.
MTM1 and Rubicon increase and prolong PI(3)P accumulation at the phagosome.
Up-regulation of PI(3)P increases ROS production and prolongs the time of presence of p67 phox at the phagosome To examine whether an increased and prolonged PI(3)P signal at the phagosome affects the NADPH oxidase activation, we measured the ROS production and phagocytosis inside the phagosome by flow cytometry. The PLB cells were transfected with control siRNA or Rubicon siRNA and/or MTM1 siRNA and were then incubated with DCFH 2 -Alexa405 yeasts for 30 min. No difference in the percentage of phagocyting cells was detected (data not shown). The yeast DCF fluorescence ratio, as compared with the control, increased by 16.5% 6 1.2 for MTM1 knockdown cells, 23.1% 6 3.0 for Rubicon knockdown cells, and 52.8% 6 4.0 for MTM1 plus Rubicon double knock-down cells (Fig. 10A) . The increase in ROS production may be due to a greater accumulation of the assembled NADPH oxidase at the phagosome because of an increased or prolonged accumulation of p40 phox and p67
phox . So we investigated p67 phox -citrine accumulation at the phagosome in PLB-p67 phox -citrine cells knocked down for endogenous p67 phox gene and MTM1 or Rubicon. We did not see any increase in the accumulation of p67 phox -citrine; however, its accumulation was significantly prolonged. In PLB p67 phox -citrine cells transfected with control siRNA, the mean time of disappearance of p67 phox -citrine was 11.2 6 0.7 min. When MTM1 or Rubicon was knocked down, the mean time of disappearance of p67 phox -citrine increased to 22.8 6 2.6 min and 22.5 6 2.3 min, respectively ( Fig. 10B and C) . We also found a prolonged accumulation of citrine-p40 phox at the phagosome in MTM1 siRNA cells as compared with control siRNA cells (data not shown). These data indicate that up-regulation of PI(3)P lengthens the time of presence of p40 phox and p67 phox at the phagosome during phagocytosis.
Down-regulation of PI(3)P prevents ROS production and the accumulation of p67 phox at the phagosome
To confirm that PI(3)P could regulate NADPH oxidase activation at the phagosome during phagocytosis, we down-regulated PI(3)P at the phagosomal membrane by overexpressing MTM1. We used a rapamycin-mediated heterodimerization system in PLB-985 cells. Two components are expressed in this system, Lyn11-targeted FKBP rapamycin binding domain (LDR) and mCherry-FK506 binding protein (FKBP)-MTM1 [29, 30] . LDR localized at the plasma membrane because of the N terminus of Lyn. We used mCherry-FKBP as a control. MCherry-FKBP or mCherry-FKBP-MTM1 are distributed in the cytoplasm and cannot be detected on the plasma membrane without adding rapamycin. Addition of 0.25 mg/ml of rapamycin, triggers mCherry-FKBP or mCherry-FKBP-MTM1 recruitment at the plasma membrane in 2 min (data not shown). Then, we added opsonized zymosan and examined the recruitment of the PI(3)P probe YFP-p40 phox PX to the phagosome. The recruitment of YFP-p40 phox PX was not affected by the presence of mCherry-FKBP at the phagosome (Fig. 11A and Supplemental Video 5) as indicated by the YFP-p40 phox PX fluorescence ratio of phagosome to cytoplasm above 1 at 1, 2, and 6 min after phagosome closure (Fig. 11C) . In the LDR/mCherry-FKBP-MTM1 transfected cells, no accumulation of YFP-p40 phox PX at the phagosome could be detected (Fig. 11B and C and Supplemental Video 6; fluorescence ratio ,1). Thus, overexpression of MTM1 targeted at the phagosome prevents PI(3)P accumulation. We next performed video microscopy experiments using DCFH 2 -zymosan to find out whether down-regulation of PI(3)P affects ROS production inside the phagosome. We followed the increase in DCFH 2 fluorescence from oxidation by ROS over time. In mCherry-FKBP phagosomes, the DCF fluorescence increased and reached a plateau 400 s after phagosome closure, as previously observed (Fig. 12A) . This plateau was due to the lack of a probe on the zymosan, which is smaller than yeast [34] . However, inside the mCherry-FKBP-MTM1 phagosomes, there was almost no increase in zymosan-DCF fluorescence 700 s after phagosome closure (Fig. 12A) . We further investigated whether decreasing the PI(3)P level at the phagosome affected p67 phox recruitment. Indeed, the percentage of mCherry-FKBP phagosomes that were also positive for p67 phox -citrine was 47.3% 6 2.0 at 5 min after addition of serum-opsonized zymosan. Whereas the percentage of p67 phox -citrine + phagosomes dropped to 1.6% 6 0.8 when mCherry-FKBP-MTM1 was present at the phagosomal membrane ( Fig. 12B and C) . Our data suggest that downregulation of PI(3)P at the phagosome prevents sustained ROS production because of the loss of p67 phox at the phagosome.
DISCUSSION
We showed here that the regulation of PI(3)P modulates ROS production by controlling the extent of p67 phox accumulation at the phagosome. Changes in phagosomal PI(3)P lead to corresponding changes of p40 phox and p67 phox on the phagosome, which appear to be responsible for the altered ROS production. We used pharmacologic tools, as well as the expression and targeting of phosphoinositide-modulating proteins, to address this highly dynamic interaction. We first observed a decrease in ROS production in differentiated PLB cells and human neutrophils of ;40% with a recently reported inhibitor of class III PI3K hVps34 [37] . We still observed a slight and transient accumulation of the PI(3)P probe mCherry-PXp40 phox at the phagosome; thus, some PI(3)P was still generated. This PI(3)P could be generated by Class II PI3K. Although the presence of any of the 3 isoforms at the phagosome of mammalian cells has not been investigated, the class II PI3K generates PI(3)P in Caenorhabditis elegans phagosomes [16] . Moreover, PI(3)P could be produced upon dephosphorylation of PI(3,4)P 2 or PI(3,4,5)P 3 . These lipids accumulate at the phagosomal cup and soon disappear after sealing [42, 43] (Fig.  1A) . SHIP-1 is involved in the dephosphorylation of PI(3,4,5)P 3 to PI(3,4)P 2 [44, 45] . The dephosphorylation of PI(3,4)P 2 to PI(3)P is also made by type I inositol-3,4-bisphosphate4-phosphatase [46, 47] . In RAW 264.7 macrophages, the generation of ROS is dependent on the level of diacylglycerol [48] . In phagosomes lacking PI(3)P, ROS production may start, but it is not sustained.
The PI3K-inhibitor wortmannin terminates PI(3)P synthesis when added after phagosome sealing, as previously described [40] . We show that this PI(3)P decreases ROS production by inducing the release of citrine-p40 phox and p67 phox -citrine from the phagosome, which is consistent with previous data showing that the PX domain of p40 phox binds PI(3)P and stabilizes p40 phox at the phagosome [11] [12] [13] . Our data indicate that PI(3)P is necessary to maintain p67 phox at the phagosomal membrane, allowing sustained ROS production. Thus p40 phox and p67 phox are not only recruited together at the phagosome (with p47 phox ) [12] but also leave the phagosome at the same time (Fig. 6 ). This strongly suggests that p40 phox is a late adaptor for p67 phox , although we cannot rule out that another protein that binds PI(3)P, stabilizes p67 phox at the phagosome. To test whether an increased level of PI(3)P at the phagosome would enhance the NADPH oxidase, we decreased the level of the PI3-phosphatase MTM1 and/or the regulatory protein Rubicon. Both proteins are present at the phagosome of serumopsonized zymosan in PLB cells. Our data indicate that they both contribute to the down-regulation of PI(3)P at the phagosome. Rubicon binds the protein UVRAG and hVps34 [21, 22] . Rubicon has been shown to antagonize UVRAG activation of hVps34, in vitro [20] . On endosomal membranes, the class III PI3K core complex (hVsp34, hVps15, and Beclin-1) can be associated with UVRAG alone or Rubicon and UVRAG [22] . In the Rubicon-UVRAG class-III PI3K complex, Rubicon downregulates hVps34 activation [21] . This may be also the case at the phagosome. In contrast, upon phagocytosis of nonopsonized zymosan, which stimulates the TLR2 pathway, Rubicon interacts with p22 phox and is required for hVps34 activity [24, 25] . The Rubicon-p22 phox interaction was not observed upon phagocytosis with IgG-zymosan [25] . This opposite role of Rubicon may be explained by competing interactions of Rubicon. Interaction of Rubicon with UVRAG may prevent the binding of p22 phox . Indeed, UVRAG binds to a large region of the Rubicon protein, involving amino acids 300-972, which overlaps with the SR domain (serine rich domain amino acids 558-625) responsible for p22 phox binding [20, 25] . Thus, we hypothesized that if Rubicon binds p22 phox , then, UVRAG can activate hVps34, whereas if Rubicon interacts with UVRAG, it would prevent hVps34 activation. Upon phagocytosis of serum-opsonized zymosan, the second scenario was supported by our data. Indeed, when we knocked down Rubicon, we observed an extended PI(3)P accumulation at the phagosome of opsonized zymosan. Which factors determine the binding of Rubicon to p22 phox versus UVRAG still need to be investigated. According to Yang et al. [25, 49] , different signaling pathways modulate Rubicon interactions. The double knockdown of MTM1 and Rubicon did not significantly increase PI(3)P at the phagosome as compared with single knockdown. PI(3)P is phosphorylated to PI(3,5)P 2 by PIKfyve (FYVE finger-containing phosphoinositide kinase), and that probably starts a few minutes after phagosome closure [50] .
Thus, when PI(3)P increases at the phagosome, more PI(3,5)P 2 is generated, limiting PI(3)P accumulation. Moreover, other phosphatases belonging to the myotubularin family may participate in the dephosphorylation of PI(3)P.
Up-regulation of PI(3)P at the phagosome by knocking down MTM1 and/or Rubicon, increases ROS production and the time until the disappearance of p67 phox at the phagosome. Furthermore, overexpression of MTM1 at the phagosome prevents a sustained ROS production and the accumulation of p67 phox at the phagosome, demonstrating that PI(3)P has a key role in maintaining the ROS production during phagocytosis.
Previous work has demonstrated that Rac2 and the cytosolic NADPH oxidase subunits p47 phox , p67 phox , and p40 phox are recruited at the same time at the phagosomal cup just before phagosome sealing [12, 26] . Rac2 and p47 phox detach a few minutes after phagosome closure [26] , whereas p67 phox stays until the end of ROS production [27] . We can now complete the model: PI(3)P regulates the presence of p40 phox at the NADPH oxidase complex. P40 phox works as an adaptor to maintain the p67 phox at the complex sustaining the ROS production. When PI(3)P declines, p40 phox and p67 phox detach from the membrane at the same time, and ROS production ends. Of course, additional factors may influence p40 phox and p67 phox detachment from the phagosome.
PI(3)P is a target for pathogens like Mycobacterium tuberculosis [51] . Mycobacterium tuberculosis secretes the toxin lipoarabinomannan to inhibit the activation of phagosomal hVps34 and the lipid phosphatase SapM to dephosphorylate PI(3)P. The decrease in phagosomal PI(3)P contributes to arresting phagosomal maturation [41, 52] . Another bacterial pathogen, Legionella pneumophila, is reported to encode the phosphatase SidP, which hydrolyzes PI(3)P and PI(3,5)P 2 in vitro [53] . A study in Dictyostelium discoideum showed that PI(3)P is lost from L. pneumophila phagosomes, preventing fusion with the endocytic Control siRNA, n = 10; MTM1 siRNA, n = 10; Rubicon siRNA, n = 11. ***P , 0.001 (Student's t test). Scale bar = 5 mm.
pathway and allowing the formation of Legionella-containing vacuoles [54] . Controlling the host PI(3)P level at the phagosome is, thus, a common survival strategy for these 2 pathogens. In both cases, it would be interesting to determine whether the decrease in PI(3)P contributes to a decrease ROS production.
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